This paper proposes a supplementary control for tighter control of the air-fuel ratio (AFR), which directly affects the environmental emissions of thermal power plants. Dynamic matrix control (DMC) is applied to the supplementary control of the existing combustion control loops and the conventional double cross limiting algorithm for combustion safety is formulated as constraints in the proposed DMC. The proposed supplementary control is simulated for a 600-MW drum-type power plant and 1000 MW ultra-supercritical once-through boiler power plant. The results show the tight control of the AFR in both types of thermal power plants to reduce environmental emissions. Abstract: This paper proposes a supplementary control for tighter control of the air-fuel ratio (AFR), which directly affects the environmental emissions of thermal power plants. Dynamic matrix control (DMC) is applied to the supplementary control of the existing combustion control loops and the conventional double cross limiting algorithm for combustion safety is formulated as constraints in the proposed DMC. The proposed supplementary control is simulated for a 600-MW drum-type power plant and 1000 MW ultra-supercritical once-through boiler power plant. The results show the tight control of the AFR in both types of thermal power plants to reduce environmental emissions.
Introduction
Currently, environmental emissions from thermal power plants have drawn much concern. Various environmental emissions such as carbon monoxide (CO) and nitrogen oxide (NOx), are released from thermal power plants. To meet the current stringent environmental standards, combustion conditions should be maintained tightly to reduce these emissions [1, 2] .
Environmental emissions in thermal power plants, such as CO and NOx, are directly influenced by the air-fuel ratio (AFR). Figure 1 shows the quantity of emissions and thermal efficiency as a function of the AFR in a typical furnace combustion operation [3, 4] . High CO is observed in the low AFR range because of the incomplete combustion due to the lack of combustion air or excessive fuel. Meanwhile, the stack heat loss in the high AFR range increases NOx. An ideal AFR is a function of plant characteristics, condition and electric load. In practice, this ideal AFR is predetermined and updated by offline experiments and used in the combustion control. Therefore, maintaining the ideal AFR in the thermal power plant combustion is crucial in reducing the environmental emissions of power plants.
In practice, many power plant manufacturers have similar philosophies for thermal power plant control. For combustion control, the unit load demand and main steam pressure signal generate the boiler master demand (BMD) signal. The BMD signal generates the air flow demand signal and fuel flow demand signal based on the ideal AFR [5] [6] [7] .
The concept of cross limiting technique is used in the conventional combustion control, which is designed to limit the fuel demand in order to prevent the lack of combustion air and the extinguishing of the boiler firing. That is, the fuel flow demand signal is limited by the current combustion air and conversely, the air flow demand signal is limited by the current fuel in the furnace. This "AFR with cross limiting override control" has been a standard concept for large capacity boilers [5, 8, 9] . Although this conventional control system is well developed in practice, the performance of AFR control tends to be degraded in the transient state [8] .
Recently, Bhowmick and Bera [9] pointed out the weakness of the cross-limiting technique in abnormal condition, and Liu, He, and Wang [10] and Zanoli et al. [11] proposed the double cross-limiting (DCL) strategy that generalizes the cross limiting technique. In the DCL algorithm, the fuel and air demand signals are limited within a reasonable band of corresponding combustion air and fuel, respectively. Although DCL can assist the AFR control, because it is a simple static mapping, it has a limitation to improve the transient or dynamic response of the AFR.
Most modern control technologies require a good-quality model for the object system, which is not an easy task for a practical plant. One of the approaches to avoid this difficulty is model free control (MFC) [12] . The main advantage of the MFC technique is that the process model is approximated through a fast estimator using an approximation of the process model, which is locally valid and, furthermore, on a relatively short time window. The MFC techniques were applied to a wide range of processes, which include immune systems [13] , robot systems [14, 15] , twin rotor aerodynamic systems (TRASs) [16] [17] [18] , aircraft system [19] and servo systems [20] .
Another approach to avoid first principles or complex identification is dynamic matrix control (DMC) with a step-response model which can be easily obtained by plant step test. DMC is a proven algorithm in the model predictive control (MPC) for dynamic systems [21] . It computes optimized control inputs using linear programming or quadratic programming while considering the constraints at every sampling time [22, 23] . Moon and Lee applied DMC to a simple thermal power plant model in [24] , and the DMC was also successfully applied to the power plant coordinated control [25, 26] .
Herein, a DMC was designed to generate supplementary signals to the existing combustion control to maintain the ideal AFR. The optimal supplementary signals were generated in the optimization window constrained by the DCL strategy. This supplementary control structure over the existing combustion control is very practical and easy to implement because it can be easily bypassed in the case of an emergency. Figure 2 shows a typical conventional combustion control with DCL strategy of a coal-fired power plant [5, 10, 11] . In the figure, each block of F(x) represents a look-up table or static mapping between the input and output. The BMD signal is the output of F 1 (x) corresponding to the power load demand, electric power output and main steam pressure. Subsequently, F 2 (x) and F 3 (x) generate the air flow demand signal and fuel flow demand signal, respectively, based on the predetermined ideal AFR. From the air flow demand signal, the air controller drives the forced draft (FD) fan to control The feedback loops with dotted black lines in Figure 2 represent the DCL strategy that prevents the incomplete burning and the excessive combustion air at various loads. Parameters α1, α2, α3 and α4 are fixed constants of several percent to allow a small margin. This DCL structure is the updated form of the conventional cross-limiting technique that uses α1 and α2 loops only, and α3 and α4 loops are ignored [5] . The output of F2(x), the air flow demand, is compared with the output of F4(x), which is the conversion of fuel flow to air flow. The larger value between the output of F2(x) and F4(x) × (1−α1) was selected to prevent the lack of combustion air in the furnace. In addition, this selector output was compared with F4(x) × (1 + α3) and the smaller value was finally selected as the air flow demand to prevent the overfeeding of combustion air in the furnace. In the fuel side, the output of F3(x) was similarly compared with the output of F5(x), which is the conversion of air flow to fuel flow. Subsequently, the final fuel flow demand is determined between two margins, α2 and α4. The values of α are typically selected between 2% and 5% [5, 11] . Therefore, the DCL strategy prevents high or low AFR by selecting appropriate air and fuel flow demands.
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Supplementary DMC for AFR
We implemented the tighter control of the AFR while minimizing its effects on the performance of the existing combustion control system. The DMC supplementary control is applied to the air and fuel flow demands of the conventional multi-loop control, thereby adjusting the amounts of combustion air and fuel to maintain the ideal AFR. Figure 3 shows the structure of the supplementary control for the AFR using DMC, which is a replacement of the dotted red rectangle in Figure 2 . In Figure 3 , AFRk is the air-fuel ratio at the k-th time step, which is the output or controlled variable (CV), and AFRref,k is the reference air-fuel ratio at The feedback loops with dotted black lines in Figure 2 represent the DCL strategy that prevents the incomplete burning and the excessive combustion air at various loads. Parameters α 1 , α 2 , α 3 and α 4 are fixed constants of several percent to allow a small margin. This DCL structure is the updated form of the conventional cross-limiting technique that uses α 1 and α 2 loops only, and α 3 and α 4 loops are ignored [5] .
The output of F 2 (x), the air flow demand, is compared with the output of F 4 (x), which is the conversion of fuel flow to air flow. The larger value between the output of F 2 (x) and F 4 (x) × (1−α 1 ) was selected to prevent the lack of combustion air in the furnace. In addition, this selector output was compared with F 4 (x) × (1 + α 3 ) and the smaller value was finally selected as the air flow demand to prevent the overfeeding of combustion air in the furnace. In the fuel side, the output of F 3 (x) was similarly compared with the output of F 5 (x), which is the conversion of air flow to fuel flow. Subsequently, the final fuel flow demand is determined between two margins, α 2 and α 4 . The values of α are typically selected between 2% and 5% [5, 11] . Therefore, the DCL strategy prevents high or low AFR by selecting appropriate air and fuel flow demands.
We implemented the tighter control of the AFR while minimizing its effects on the performance of the existing combustion control system. The DMC supplementary control is applied to the air and fuel flow demands of the conventional multi-loop control, thereby adjusting the amounts of combustion air and fuel to maintain the ideal AFR.
Energies 2020, 13, 226 4 of 15 Figure 3 shows the structure of the supplementary control for the AFR using DMC, which is a replacement of the dotted red rectangle in Figure 2 . In Figure 3 , AFR k is the air-fuel ratio at the k-th time step, which is the output or controlled variable (CV), and AFR ref,k is the reference air-fuel ratio at the k-th step; u DMC 
The output, AFRk, is then defined as the ratio:
where uf,k is the fuel flow at the k-th step, which is the output of the pulverizer, and ua,k is the air flow at the k-th step, which is the sum of the two air flows, from FD fan and primary air fan in Figure 2 . From the viewpoint of practical implementation, this supplementary control structure over the existing multi-loop control logic is very realistic and easy to implement. In an emergency, this type of supplementary control can be easily removed and returned to the conventional multi-loop control system, with which the plant operators are familiar.
Herein, the standard form of the DMC algorithm is used [27] . If we use the standard notation of the plant input and plant output,
Subsequently, the prediction equation is:
where and u BMD f ,k , which are, respectively, the air flow and fuel flow demands from the BMD of the conventional multi-loop control. Therefore, the air flow demand u a,k and fuel flow demand u f ,k are the sum of the BMD signals and the supplementary DMC signals as follows:
The output, AFR k , is then defined as the ratio:
where u f,k is the fuel flow at the k-th step, which is the output of the pulverizer, and u a,k is the air flow at the k-th step, which is the sum of the two air flows, from FD fan and primary air fan in Figure 2 . From the viewpoint of practical implementation, this supplementary control structure over the existing multi-loop control logic is very realistic and easy to implement. In an emergency, this type of supplementary control can be easily removed and returned to the conventional multi-loop control system, with which the plant operators are familiar.
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Here, p is the prediction horizon and m is the control horizon; Y k+1|k is a p × 1 vector, the future output of AFR trajectory at t = k; Y k+1|k−1 is a p × 1 vector, an open-loop prediction of the future output when input u remains at the previous step value u k−1 ; Y d k+1|k is a p × 1 vector, an estimate of the unmeasured disturbance; ∆U k is a 2 m × 1 input adjustment vector; and S is a p × 2 m dynamic matrix including step responses as follows:
where s i a and s i f are the step response coefficients of the AFR from the incremented air flow demand and fuel flow demand, respectively, at the i-th sampling step.
To calculate the input adjustment vector, an online quadratic optimization with constraints was performed at every sampling step:
where:
Here, E k+1|k is a p × 1 error vector, and R k+1|k is a p × 1 desired trajectory output vector, and Λ and Γ are the weight matrices for the corresponding vectors in the quadratic optimization.
Constraints of Proposed DMC
An important benefit of using the DMC is the handling of constraints in optimization. Because the DMC herein is supposed to be a supplementary control, additional large changes in the air and fuel demand signal could significantly influence the power output and main steam pressure. Therefore, to minimize its effect on the existing control, the output of the DMC is limited to:
where, β a and β f are constants to limit the supplementary air and fuel adjustments, respectively. It is noteworthy that this supplementary DMC could violate the conventional cross-limit or DCL strategy in Figure 2 . Therefore, herein, the DCL strategy is formulated as the constraint in the DMC optimization, i.e., the DCL strategy in the proposed control system is represented as the optimization window at the k-th step as follows:
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Combining (15)-(18), the two constraints at the k-th step are combined into the following form:
Therefore, the constraints for the 2 m × 1 input vector is
For the quadratic programming problem of (12), the constraints need to be changed into the standard linear inequality form:
where C k and D k are constant matrixes. Therefore, (22) should be represented in the form of (23) . From the definition of difference,
(22) is represented as:
The middle term of (26) is represented as:
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where I is a 2 × 2 identity matrix, and I L is a 2 m × 2 m matrix. Finally, (26) is represented as follows:
Therefore, both the DCL strategy and the supplementary control limits are represented in the standard form of (23) in the proposed DMC. The constraint of (28) in the proposed supplementary DMC is used in the standard online optimization of (12) at every sampling step. This nonlinear power plant model was applied and validated in many studies [25, 28, 29] .
Applications to Power Plants
600-MW Drum-Type Thermal Power Plant
Therefore, both the DCL strategy and the supplementary control limits are represented in the standard form of (23) in the proposed DMC. The constraint of (28) in the proposed supplementary DMC is used in the standard online optimization of (12) at every sampling step. This nonlinear power plant model was applied and validated in many studies [25, 28, 29] . Therefore, u f,k is the output of the fuel flow valve in this plant. The conventional cross-limiting algorithm is equipped in this model, and both α 1 and α 2 were set to 5%. Figure 5 shows the response of the AFR as a result of the step increments of u DMC a and u DMC f at t = 0 from the steady state of 450 MW. The 1% of the normal operation range is used independently for the two step inputs. Because this is a closed-loop test for supplementary control, these transient responses include the dynamics of not only the power plant model but also the existing multi-loop control logics. In Figure 5 , from the initial value 15.35, the AFR is finally increased/decreased to 15.57/15.12 due to the increase in combustion air/fuel, respectively. at t = 0 from the steady state of 450 MW. The 1% of the normal operation range is used independently for the two step inputs. Because this is a closed-loop test for supplementary control, these transient responses include the dynamics of not only the power plant model but also the existing multi-loop control logics. In Figure 5 , from the initial value 15.35, the AFR is finally increased/decreased to 15.57/15.12 due to the increase in combustion air/fuel, respectively. Response from DMC f u  Figure 5 .
Applications to Power Plants
600-MW Drum-Type Thermal Power Plant
Step responses in a 600 MW power plant.
The tuning of the DMC parameters is important. Theoretically, a small sampling time and a large prediction and control horizons are desirable from the view point of control performance. However, this increases the computational burden in practice. The sampling time is determined as 1 s. Therefore, the responses of Figure 5 were sampled at every 1 s and stored in the step-response matrix S . The error and input increments in (12) 
where Λ is the weight of the AFR error; Γa is the weight of Δ  DMC The DMC parameters are listed in Table 1 . The p is selected as 300 [s] for AFR response to settle down in Figure 5 . The m is selected as 100 [s] considering computational burden. A small β limits the performance of proposed supplementary control, while a large β can affect the other control loops. By trial and error, to limit excessive control action, βa and βf were selected as 2% and 1.25% of their normal operation ranges, respectively. Because of the small βf, this supplementary DMC primarily manipulates the combustion air flow demand rather than the fuel demand. Figure 6 is the dynamic boiler simulation model (DBSM) of the 1000 MW ultra-supercritical (USC) coal-fired once-through type model. This nonlinear model was also developed based on mass, momentum, and energy balances. It is a field-proven simulator for the power plant control logic design in industry [26, 30, 31] .
1000-MW Once-Through Type Thermal Power Plant
In Figure 6 , the secondary air fan represents the FD fan in Figure 2 to control the amount of combustion air. The combustion control system of this plant primarily follows the standard structure The tuning of the DMC parameters is important. Theoretically, a small sampling time and a large prediction and control horizons are desirable from the view point of control performance. However, this increases the computational burden in practice. The sampling time is determined as 1 s. Therefore, the responses of Figure 5 were sampled at every 1 s and stored in the step-response matrix S. The error and input increments in (12) are:
where Λ is the weight of the AFR error; Γ a is the weight of ∆ u DMC a,k
; and Γ f is the weight of ∆ u DMC f ,k . The DMC parameters are listed in Table 1 . The p is selected as 300 [s] for AFR response to settle down in Figure 5 . The m is selected as 100 [s] considering computational burden. A small β limits the performance of proposed supplementary control, while a large β can affect the other control loops. By trial and error, to limit excessive control action, β a and β f were selected as 2% and 1.25% of their normal operation ranges, respectively. Because of the small β f , this supplementary DMC primarily manipulates the combustion air flow demand rather than the fuel demand. In Figure 6 , the secondary air fan represents the FD fan in Figure 2 to control the amount of combustion air. The combustion control system of this plant primarily follows the standard structure in Figure 2 . The conventional cross-limiting algorithm is equipped in this model, and the values of α 1 and α 2 were set to 5%. Figure 7 shows the step response of the AFR as a result of the step increase of u DMC a . One percent of the normal operation range of u DMC a was applied at the steady state of 825 MW. The AFR increased from 11.12 to 11.26 due to the increase in combustion air. A faster transient response was observed compared to the response in Figure 5 . This faster response can be interpreted as the faster dynamics of the once-through-type boiler compared to that of the drum-type boiler. Figure 8 shows the step response of the AFR for a 1% step increase of u DMC f in the steady state of 825 MW. The AFR is decreased from 11.12 to 10.97 in steady state. The slower response than that of Figure 7 can be attributed to the slow dynamics of the pulverizer. Therefore, in this study, u DMC a is primarily used for MV to achieve a fast control response. The same structure of the DMC was applied to this plant. The sampling time was selected as 1 s and the DMC weight parameters are shown in Table 2 . The p was selected as 300 s for AFR to settle down in Figure 8 . The m was also selected as 100 s considering computational burden. For this plant, βa and βf were selected as 1.36% and 0.02% by trial and error, respectively. Because of the small βf, this supplementary DMC primarily manipulates the combustion air flow demand rather than the fuel demand. 
Simulation Results
Simulation of 600-MW Drum-Type Thermal Power Plant
The DMC supplementary control is developed in the MATLAB environment. In this simulation, the control performance (12) with constraints (28) is optimized by the quadratic programming, MATLAB function "quadprog ( )", at every sampling time.
The simulation scenario has two step changes for the electric power load demand in Figure 9 . The load demand change is limited to 0.5 MW/s, which is 5% per minute of the total load. In this simulation, for simplicity, the ideal AFR of the drum-type plant model is assumed to be constant, i.e., 15.35 at every electric power load. The same structure of the DMC was applied to this plant. The sampling time was selected as 1 s and the DMC weight parameters are shown in Table 2 . The p was selected as 300 s for AFR to settle down in Figure 8 . The m was also selected as 100 s considering computational burden. For this plant, β a and β f were selected as 1.36% and 0.02% by trial and error, respectively. Because of the small β f , this supplementary DMC primarily manipulates the combustion air flow demand rather than the fuel demand. 
Simulation Results
Simulation of 600-MW Drum-Type Thermal Power Plant
The simulation scenario has two step changes for the electric power load demand in Figure 9 . The load demand change is limited to 0.5 MW/s, which is 5% per minute of the total load. In this simulation, for simplicity, the ideal AFR of the drum-type plant model is assumed to be constant, i.e., 15.35 at every electric power load. The same structure of the DMC was applied to this plant. The sampling time was selected as 1 s and the DMC weight parameters are shown in Table 2 . The p was selected as 300 s for AFR to settle down in Figure 8 . The m was also selected as 100 s considering computational burden. For this plant, βa and βf were selected as 1.36% and 0.02% by trial and error, respectively. Because of the small βf, this supplementary DMC primarily manipulates the combustion air flow demand rather than the fuel demand. 
Simulation Results
Simulation of 600-MW Drum-Type Thermal Power Plant
The simulation scenario has two step changes for the electric power load demand in Figure 9 . The load demand change is limited to 0.5 MW/s, which is 5% per minute of the total load. In this simulation, for simplicity, the ideal AFR of the drum-type plant model is assumed to be constant, i.e., 15.35 at every electric power load. To confirm the effect of the proposed supplementary control on the main control loop, two responses of the electric power output are compared in Figure 9 , with and without DMC. Because the supplementary control signal is limited by β a and β f , which are only 2% and 1.25% of their normal operation ranges, respectively, two responses are almost the same, and the proposed supplementary control does not affect the existing multi-loop control system operation. Figure 10 shows the comparison of the AFR between the conventional multi-loop control and the proposed DMC supplementary control during the transient. Although the responses of the electric power output are similar, the AFR of the proposed DMC shows a tighter control during the transient of the load changes. Table 3 shows that the squared error sum of the conventional control can be significantly reduced, to 4.93%, by the proposed supplementary control. Therefore, the environmental emissions by the conventional control during the transient of the load change can be effectively reduced by the proposed supplementary DMC. To confirm the effect of the proposed supplementary control on the main control loop, two responses of the electric power output are compared in Figure 9 , with and without DMC. Because the supplementary control signal is limited by βa and βf, which are only 2% and 1.25% of their normal operation ranges, respectively, two responses are almost the same, and the proposed supplementary control does not affect the existing multi-loop control system operation. Table 3 shows that the squared error sum of the conventional control can be significantly reduced, to 4.93%, by the proposed supplementary control. Therefore, the environmental emissions by the conventional control during the transient of the load change can be effectively reduced by the proposed supplementary DMC. Figure 10 , a large AFR was expected by the DMC prediction of (6). Then, optimization of (12) with constraint of (28) was calculated to keep the AFR to be 15.35, based on the step-response model of (10) which is developed from Figure 5 . As a result of optimization of (12), the supplementary signals  DMC is positive in Figure 12 to reduce the AFR. This control process is repeated at every sampling step in DMC. Accordingly, the AFR of the proposed control is reduced in the first 50 s as shown in Figure 10 , and excessive NOx and stack heat loss can be reduced with the proposed supplementary control.
To confirm the DCL logic of the proposed DMC, the air side optimization window (17) in the first 200 s is represented in Figure 13 . In the figure, the lower bound "DCL min" is (1−α1) F4(uf,k), the and u DMC f ,k , respectively. In the figures, supplementary control limits of ±2% and ±1.25% are represented as ±12.50 kg/s and ±0.51 kg/s, respectively. During the first 50 [s] in Figure 10 , a large AFR was expected by the DMC prediction of (6) . Then, optimization of (12) with constraint of (28) was calculated to keep the AFR to be 15.35, based on the step-response model of (10) which is developed from Figure 5 . As a result of optimization of (12), the supplementary signals u DMC Figure 11 , while u DMC f ,k is positive in Figure 12 to reduce the AFR. This control process is repeated at every sampling step in DMC. Accordingly, the AFR of the proposed control is reduced in the first 50 s as shown in Figure 10 , and excessive NOx and stack heat loss can be reduced with the proposed supplementary control.
To confirm the DCL logic of the proposed DMC, the air side optimization window (17) in the first 200 s is represented in Figure 13 . In the figure, the lower bound "DCL min" is (1−α 1 ) F 4 (u f,k ), the upper bound "DCL max" is (1 + α 3 ) F 4 (u f,k ), and u a,k is u BMD a,k + u DMC a,k . At approximately 10 s and 110 s, the amplitude of u DMC a,k was effectively restricted for u a,k to stay within the optimization window constrained by the DCL logic in (28) . 
Simulation of 1000-MW Once-Through Type Thermal Power Plant
The DMC supplementary control was also developed for the 1000-MW once-through type unit in MATLAB and linked with the DBSM simulator. The simulation scenario contains two step changes of the power load demand, where the load demand is reduced from 825 MW to 750 MW at 0 s, and increased to 950 MW at 1500 s. The load demand change at each sampling time is also restricted by the internal logic of the DBSM. Unlike the 600-MW drum-type plant, the ideal AFR of the DBSM is not a constant but is specified by the internal logic of the DBSM as a function of the load. In this simulation, the ideal AFR of the DBSM is used as the AFRref,k for the DMC. 
The DMC supplementary control was also developed for the 1000-MW once-through type unit in MATLAB and linked with the DBSM simulator. The simulation scenario contains two step changes of the power load demand, where the load demand is reduced from 825 MW to 750 MW at 0 s, and increased to 950 MW at 1500 s. The load demand change at each sampling time is also restricted by the internal logic of the DBSM. Unlike the 600-MW drum-type plant, the ideal AFR of the DBSM is not a constant but is specified by the internal logic of the DBSM as a function of the load. In this simulation, the ideal AFR of the DBSM is used as the AFR ref,k for the DMC.
Though they are not represented in this paper, the power output and main steam pressure of the two controls are almost the same, therefore, the proposed supplementary control does not affect the existing multi-loop control system operation. Figure 14 shows the ideal AFR of the DBSM, the AFR of the conventional multi-loop control, and the AFR of the proposed DMC. Figure 15 is not represented because it is limited with a small β f . Although it is not shown, the DMC controls satisfies the optimization window constrained by the DCL logic in (28) . Though they are not represented in this paper, the power output and main steam pressure of the two controls are almost the same, therefore, the proposed supplementary control does not affect the existing multi-loop control system operation. Figure 14 shows the ideal AFR of the DBSM, the AFR of the conventional multi-loop control, and the AFR of the proposed DMC. Figure 15 In Figure 14 , the responses of the second step change between 1500 s and 1750 s show the clear comparison between the two controls. A large AFR of the conventional control can be reduced by the proposed DMC. Accordingly, NOx emissions can be reduced at the same time. The numerical comparison is shown in Table 4 . For the once-through type plant, the squared error sum was reduced to 14.36% with the proposed supplementary DMC. 
Conclusions
In this paper, we proposed a supplementary DMC for tighter control of the AFR to reduce the environmental emissions of thermal power plants. Two manipulated variables of the DMC are the Though they are not represented in this paper, the power output and main steam pressure of the two controls are almost the same, therefore, the proposed supplementary control does not affect the existing multi-loop control system operation. Figure 14 shows the ideal AFR of the DBSM, the AFR of the conventional multi-loop control, and the AFR of the proposed DMC. Figure 15 is not represented because it is limited with a small βf. Although it is not shown, the DMC controls satisfies the optimization window constrained by the DCL logic in (28) . In Figure 14 , the responses of the second step change between 1500 s and 1750 s show the clear comparison between the two controls. A large AFR of the conventional control can be reduced by the proposed DMC. Accordingly, NOx emissions can be reduced at the same time. The numerical comparison is shown in Table 4 . For the once-through type plant, the squared error sum was reduced to 14.36% with the proposed supplementary DMC. 
In this paper, we proposed a supplementary DMC for tighter control of the AFR to reduce the environmental emissions of thermal power plants. Two manipulated variables of the DMC are the In Figure 14 , the responses of the second step change between 1500 s and 1750 s show the clear comparison between the two controls. A large AFR of the conventional control can be reduced by the proposed DMC. Accordingly, NOx emissions can be reduced at the same time. The numerical comparison is shown in Table 4 . For the once-through type plant, the squared error sum was reduced to 14.36% with the proposed supplementary DMC. 
In this paper, we proposed a supplementary DMC for tighter control of the AFR to reduce the environmental emissions of thermal power plants. Two manipulated variables of the DMC are the air flow demand and fuel flow demand. The amplitudes of the supplementary control signals are limited by the DMC constraints to minimize the effect on the main control loops of power plants, while optimized within the optimization window constrained by the conventional DCL logic.
Simulations considered two different types of power plants, which are 600-MW drum-type oil fired plant and 1000 MW once-through type coal-fired plant. Without affecting existing power plant operation, the proposed supplementary DMC shows very tight control of the AFR in transient period. Therefore, the reduction in environmental emissions in various thermal power plants can be expected.
Because the supplementary structure maintains the existing multi-loop control, the proposed control can be directly applied to the currently operating power plant. In addition, since the plant operator can easily return to the original multi-loop control logic, it can cope easily with emergency situations.
For practical implementation, the number of adjustable parameters of DMC is quite high and an additional computer server might be necessary over the exiting DCS (distributed control system). Therefore, future research could investigate a simpler control structure as a supplementary control which can be implemented into DCS of practical power plant.
